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Introduction

Tungsten heavy alloys exhibit the unique property combinations of high strength,

ductility, density, and toughness. These alloys are typically fabricated by liquid phase sintering

mixed elemental powders. The resulting product is a composite consisting of interconnected

tungsten grains with an interpenetrating solidified liquid phase. A typical composition is 90 to

95% tungsten with a nickel to iron ratio of 8:2 or 7:3. Although the alloys have been in use for

over fifty years for gyroscopes, counterbalances, semiconductor substrates, radiation shields, and

machining tools, the primary recent activity has been related to military applications. These

include projectiles, shape charge liners, and armour. In these applications the main concerns are

with the strength, hardness, and toughness. Usually, the needed strength and hardness are

created by selective deformation and heat treatment after sintering (for example by a swage and

age treatment). Unfortunately, this denies net shape fabrication which is a desirable aspect of

powder metallurgy fabrication.

It is evident that the low strain rate, room temperature mechanical properties are only

approximate guides to the success of the military components. Circumstantial evidence suggests

that superior properties might result from very small grain size compacts [1-53. However,

normal sintering practice involves a prolonged hold above the liquid formation temperature,

leading to considerable microstructural coarsening. Although the resulting ductility is high, the

strength is low with the large grain size material. The alternative is to sinter for shorter times
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with smaller initial particle sizes, but this has not proven successful because of problems with

powder availability, contamination, poor densification, and rapid microstructural coarsening.

Thus, the inherent manufacturing route for heavy alloys is to sinter to ful dens'ty in a prolonged

cycle that gives a large final grain size. Subsequently, the compact is deformed and heat treated

to increase the strength at the expense of the ductility.

The research performed in this study focused on improved tungsten heavy alloys through

process optimization as measured by affects on microstructure and impurity concentrations. This

largely was performed by alloying and adjusting the sintered microstructure through processing

changes. Many past heavy alloy studies have failed to couple the two activities. As a

consequence, potentially beneficial alloying effects have been masked by incomplete densification.

Alternatively, novel processing approaches have been unsuccessful because they were applied to

conventional alloys. This research has advanced both aspects, leading to novel heavy alloys with

tantalum, rhenium, or molybdenum alloying. This has led to patents on new heavy alloy

compositions [6-8]. A key aspect of the research has been to coordinate the activities on

microstructure refinement, densification, alloying, and processing. As an example of the

importance of this coupled activity, consider that research on rhenium additions to tungsten

heavy alloys was reported by Dickinson et al. [91 in 1974. They used a constant processing cycle

for all alloying studies and failed to note the significant benefits possible. In contrast, we

determined that a variation in the sintering cycle was necessary with alloying to attain the full

benefits and improved properties [10]. Consequently, significantly improved properties were

observed in the latter study which were overlooked in the earlier investigation.

This research created a fundamental understanding of liquid phase sintering, alloying,

powder processing, and microstructure-property relations for tungsten heavy alloys. The alloying

work focused on rhenium, molybdenum, and tantalum additions, and considered possible

important effects from the impurities such as oxygen, carbon, and nitrogen. The refractory

metal additives have decreased the sintered grain size by interfering with the solution-

reprecipitation process during liquid phase sintering. The strengthening role of these alloying

additions is through solid-solution strengthening and grain growth inhibition. Thus, small

quantities of these additives are potent in controlling grain growth during sintering. The

experimental matrix included rarallel examinations of the processing cycle for optimization. This

included atmosphere, time, temperature, heating rate, cooling rate, deformation, and heat

treatment parameters. Progress in this area was aided by application of an analytical sintering

furnace developed for sintering cycle optimization. The success of this approach was determined

by measurements of density, microstructure, hardness, strength, ductility, toughness, work
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hardening, and aging behavior. From this research emerged significant improvements in the

available properties and improved understanding of heavy alloys.

Research Accomplishments

Research in refractory metal processing by enhanced sintering techniques has been

supported by ARO at RPI for the past nine years. The first project involved the sintering of

molybdenum alloy composites. The second project looked into the basic fracture process and

processing of tungsten heavy alloys, while the current project deals with microstructure-impurity

interactions in heavy alloys. This has been productive research as evidenced by the attached list

of publications and presentations in the Appendix (2 Ph.D. theses, 4 M.S. theses, 3 patent

applications, 38 publications, and 35 presentations). Indeed, this body of literature is the best

overall documentation of the research conducted at RPI on tungsten heavy alloys.

The ductility and other mechanical properties of heavy alloys are extremely sensitive to

impurity segregation, hydrogen embrittlement, residual porosity, and intermetallic phase

formation, which can be controlled through processing [11]. As a consequence some general

processing guidelines have been established for obtaining optimal properties [1,2,12]. The recent

efforts have focussed on improving the strength and hardness at the expense of ductility [13].

Additionally, there have been attempts to improve the properties beyond those attainable with

optimized processing of conventional compositions. Of direct relevance are various alloying

studies involving Re, Co, Ti, Pt, Mo, Cr, and Al additions [6-21]. Unfortunately, there has been

little success from the prior alloying studies due to two main problems; interfacial precipitation or

poor processing. There is an extreme dependence of the properties on the processing conditions

[11,12,18]. An understanding of alloying effects and optimal processing conditions are

mandatory for improved properties. Further, a clear link has been established between

mechanical behavior and the strength of the tungsten-tungsten grain boundaries and the

tungsten-matrix interface [22,23]. The bulk of these alloying efforts have been unsuccessful

because of preferential precipitation at interfaces, which usually embrittles a heavy alloy

composite [24-27].

Refinement of the tungsten grain size through alloying additions is another way of

improving the strength and hardness of heavy alloys. This route has been largely ignored in

previous research. In the ARO research at RPI, alloying additions were selected for both solid-

solution strengthening and grain size reduction. When these additions are combined with an

optimized processing cycle, higher strength heavy alloys are produced [6-8,10,13,18]. The
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properties are similar to conventional heavy alloys subjected to post-sintering deformation and

aging. This early progress provides a promise of further improvements. With improved

understanding it is envisioned that higher performance materials can be gencrated by alloying

and process control.

Examples of the average mechanical properties of a 90% tungsten plus additive heavy

alloys (10% matrix) with molybdenum, tantalum, or rhenium additions are summarized in Table

1. The elongation decreases monotonically with increasing alloying. Increasing the sintering time

from 30 minutes to 120 minutes for molybdenum containing alloys reduces the ultimate strength

by approximately 60 to 80 MPa while increasing the elongation by 5 to 9%. Similar changes

with extend sintering time are observed with traditional heavy alloys due to grain coarsening.

The increase in the strengths due to rhenium are quite dramatic. In contrast, the full potential

of tantalum as an alloying addition has not been achieved due to residual porosity, possibly

associated with tantalum's affinity for hydrogen. This is an obvious area for further research

and process development.

The increased strength is due to the combined effects of solution hardening and grain

refinement. This is confirmed by statistical comparison of grain size effects on strength and

microhardness measurements. Rhenium is very potent in reducing grain size, as is evident by

the smaller grain size and more irregular grain shape. The grain size and solid-solution

strengthening factors cause a continuous increase in the hardness with increasing refractory

metal additions. During cooling the the additives come out of solution from the matrix, allowing

precipitation hardening. Accordingly, considerable strengthening lies untapped in the modified

heavy alloys through combined alloying and processing studies.

Many refractory metals are soluble in both tungsten and the matrix phases; thus, they

provide solid-solution strengthening. Also microstructural coarsening is reduced by the presence

of a second solid phase during liquid phase sintering [28]. The grain growth law for liquid phasp

sintered heavy alloys is as follows:

G3 = G 3 + K t (1)
0

where G is the grain size after an isothermal hold for time t, with the initial grain size at t = 0

given by G.. The parameter K depends on the material constants [29],

K = g D C V S / [k T (1 -f41/3)] (2)
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where g is a geometric constant, D is the diffusivity, C is the solubility, V is the atomic volume, S is

the interfacial energy, k is Boltzmann's constant, T is the absolute temperature, and f is the

volume fraction of solid. A reduction in the solubility of tungsten in the liquid results in a smaller

sintered grain size. The sintered strength is improved, both by a smaller grain size and by

alloying. Furthermore, a lower dislocation mobility provides the possibility of exceptional strength

for heavy alloys if the sintered grain size can be further reduced [30].

Microprobe measurements were performed to isolate the distribution of the additive in the

sintered alloys. These results evidence nearly equal partitioning between the matrix and the

grains. Closer analysis of individual particles shows the additive content is high in the particle

center and decreases toward the particle edge. These observations indicate the additive is

preferentially in solution early in the sintering process. Accordingly, it retards (via a displacement

reaction) the tungsten grain growth. The sintered grain size and shape depend on the cooling rate

from the sintering temperature. Rapid cooling results in rounded tungsten grains with considerable

post-sintering age hardening potential. Alternatively, slow cooling gives a mixture of rounded and

irregular tungsten grains, and two phases in the matrix. When the matrix phase is prealloyed

with molybdenum, sintering densification is not affected adversely, yet grain growth in sintering is

greatly retarded. In one set of experiments, a full density composition of 82 W - 8 Mo - 7 Ni - 3 Fe

resulted in a sintered tungsten grain size of 3.8 um. This is very significant considering that the

initial tungsten particle size was 2.5 pm. In contrast, the equivalent alloy without mnolybdenum

will have a sintered grain size over 60 pm.

One advantage from this research is that higher performance alloys can be processed to

net shapes. Heavy alloys requiring high strength and hardness are normally obtained by post-

sintering deformation and aging which prevents the use of net shape processing. The strength

levels obtained by alloying are comparable to those obtained by deformation of traditional heavy

alloys [13,31,32]. Injection molding is an emerging process which fully utilizes the near net

shape capability of powder processing. Therefore, the properties of injection molded 82 W - 8 Mo

- 8 Ni - 2 Fe were determined and are included in Table 1 to demonstrate that such a process is

possible. Indeed, injection molding is a viable forming approach for these new heavy alloy

compositions.

Thus, this research has determined an optimized processing cycle and demonstrated

unique property combinations are possible through refractory metal additives like molybdenum,

tantalum, and rhenium. These additives result in increased strength and hardness and decreased

ductility; a classic trade-off between strength and ductility. In all cases, the additive results in
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grain size refinement by the modification of the solution-reprecipitation stage of sintering. Most

of the refractory elements have densities which are substantially lower than tungsten, which is a

disadvantage in some heavy alloy applications. Rhenium was studied as an alloying addition

because it has a density greater than that of tungsten and a high solid-solution strengthening

potential due to its small atomic size [10]. The other important attribute is the more extensive

grain refinement observed with the rhenium alloying. The highest strengthening results from

rhenium additions and the grain refinement effect is remarkable. Because the dencity of rhenium

is 21 g/cm3 , its addition to a heavy alloy increases the composite density. Rhenium has some

solubility in tungsten and a high solubility in nickel at the liquid phase sintering temperature.

Thus, rhenium refines the microstructure, provides solid-solution strengthening, and increases

the alloy density. For an alloy with a composition of 84 W - 6 Re - 8 Ni - 2 Fe, the sintered

density was 17.4 g/cm 3 with a sintered yield strength of 815 MPa, tensile strength of 1183

MPa, and elongation to failure of 13%. This property combination results from the aggregate

effects of grain size reduction and solid-solution hardening due to rhenium.

Much success has taken place through improved processing, but parallel compositional

studies have resulted in new microstructure-property combinations. As part of these

investigations the Ni/Fe ratio has been varied, with the general conclusion that optimal strength

and ductility occurs with a ratio between 2 to 4 [33,341. Brittle intermetallic phases can form

outside of this composition range [35]. Historically, a 7/3 Ni/Fe ratio has been selected for

processing studies [36-381. Recently, Spencer and Mullendore [32] reported higher ductilities and

impact energies for 90 and 93% tungsten heavy alloys with the 8/2 Ni/Fe ratio.

Thc alloy composition has been varied in the nickel/iron ratio and molybdenum was

partially substituted for tungsten. The sintered tensile properties were assessed versus these

compositional variations. Table 1 summarizes the average results of the experiments. For

comparison purposes, the tensile strength for a 90 W - 7 Ni - 3 Fe alloy is 923 MPa wiCI a

failure elongation of 30% [39-41]. The yield strength increases linearly with the molybdenum

content, and is higher for the 7/3 Ni/Fe ratio. There is a higher yield strength at 90 W - 0 Mo

for the 8/2 Ni/Fe ratio, but at all other compositions the 7/3 ratio gives a slightly higher

strength. The 8/2 Ni/Fe ratio provides a higher elongation at all compositions.

Statistical analysis of these results showed that all of the properties were significantly

influenced by the additive content (confidence of 99%). Further, hardness was an excellent

predictor of strength and had an inverse correlation with ductility. Both the yield strength and

elongation exhibited a dependence on the Ni/Fe ratio. The 8/2 Ni/Fe ratio gives higher ductility
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at yield strengths below 800 MPa, but requires more additive for equivalent strengthening.

The results are best interpreted by examination of the alloying effects on the

microstructure. Tungsten solubility in the matrix increases with a higher nickel content. In turn,

the rate of grain growth during liquid phase sintering is dependent on the tungsten solubility in

the matrix [28]. By increasing the Ni/Fe ratio, there is more solubility for tungsten in the

matrix, giving a slightly larger grain size with a lower contiguity. Both factors contribute to a

higher ductility and lower strength [40,42-44]. Similar behavior is attained with changes in the

sintering temperature, since there are concomitant increases in solubility, grain growth kinetics,

and sintered grain size that lead to greater ductility and lower strength [22]. The current

findings indicate the Ni/Fe ratio effect on tensile properties is small in comparison with the role

of refractory metal alloying, but there is some benefit from the 8/2 Ni/Fe ratio.

Summary

The hypothesis that emerges from this research is that certain refractory alloying

additions to classic tungsten heavy alloys preferentially go into solution during heating. This

preferential dissolution of molybdenum, tantalum, or rhenium then inhibits tungsten solubility in

the liquid at the sintering temperature, thereby contributing to slower grain growth. Since the

total amount of liquid phase is sufficient for densification, the product is dense but smaller in

grain size. Accordingly, there is grain size strengthening. Additionally, alloying gives solid-

solution or age hardening effects. Thus, heating rate and alloying level are control parameters.

Possibly, the preferential coating of the tungsten powder with the alloying addition is a means of

further inhibiting the uptake of tungsten into the matrix. This will allow large grain size

reductions with much lower quantities of additive. Likewise, milling or the reduction of the initial

particle size can alter the basic dissolution events during heating and give the desired refinement

of the sintered microstructure. Hence, variations in the initial powder characteristics may

provide major product changes with minimal alloying or additional processing steps.

The experiments conducted in this research have identified the mechanism for controlling

the grain size in the consolidated product [44-46]. Sintered grain sizes of 3.8 Pm have been

generated in a tungsten heavy alloy fabricated with molybdenum additions. Further the alloying

with mixtures of tantalum, rhenium, and molybdenum will provide unique combinations of

substitutional solid-solution strengthening and precipitation hardening for both the tungsten and

matrix phases. The performance attributes of these doped heavy alloys need to be correlated

with composition and processing changes. Performance assessment is beyond the mechanical
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property testing performed at room temperature at slow strain rates in this research. The wide

range of possible microstructures provide a means of linking performance to the several

processing factors (powder characteristics, alloying, sintering, and heat treatments).

There is a need to confirm the mechanism by which such alloying additions inhibit grain

growth during liquid phase sintering. Likewise, improved understanding of the strengthening

process with these same additions is needed. With this understanding, it will be possible to

determine the appropriate amount and placement of the additions to maximize their effects and

minimize the concentrations.

To achieve these goals, experiments with various levels of alloying and various

techniques for introducing the alloying are being conducted. For example, with molybdenum it is

appropriate to alter the content of molybdenum, tungsten, nickel, and iron. Further, early

experiments with heavy alloys show some surprising oxygen activity changes during heating

[47-48]. The master program of temperature-time-atmosphere is derived from a computer

control system that analyzes these signals and determines the appropriate changes in sintering

conditions. With closed-loop feedback controlled sintering, major changes in the sintering

response can be accommodated with minimal experimentation.

The evidence for inhibited grain growth due to refractory metal additions is very strong

(6-8,10,13,18,38]. Further, these systems have great potential for precipitation hardening, post-

sintering deformation, and strain aging. Experiments need to be performed on selected systems

to specifically develop high sintered hardnesses. These experiments are in progress on various

annealing and heat treatment cycles, and will include deformation as appropriate. Attention is

being directed specifically to precipitation control in the microstructure, especially the tungsten-

matrix interface which is most sensitive to heterogeneous precipitation.
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Table 1

Example Tungsten Heavy Alloy Properties from This Research

additive Ni/Fe yield tensile elongat- hardness
wt. % ratio strength, MPa strength, MPa ion, % HRA

0 7/3 534 923 30 63
0 8/2 551 918 36 64
4 Mo 7/3 625 978 24 64
4 Mo 8/2 598 947 31 64
8 Mo 7/3 715 1030 20 66
8 Mo 8/2 688 1048 24 66
12 Mo 7/3 835 1103 10 68
12 Mo 8/2 773 1119 14 67
16 Mo 7/3 892 1145 07 69
16 Mo 8/2 843 1150 10 68
0 * 7/3 1315 1420 02 73
4 Mo* 7/3 1345 1440 01 73
8 Mo* 7/3 1390 1510 01 74
5 Ta 7/3 740 1025 03 69
4 Re 7/3 732 1050 07 69
2 Re 8/2 703 1036 17 66
4 Re 8/2 766 1118 14 67
6 Re 8/2 815 1183 13 69
8 Mo# 8/2 770 1115 20 64

* = swaged and aged

# = injection molded
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